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ABSTRACT

We report our experience from using co-simulatiorthe context of a demanding building
control study. The object under investigation weZ0®00 nf newly-built office building in
Munich. Considered was the control of radiant ngsi, heating convectors, mechanical
ventilation, blinds and lighting for one floor thatas subdivided in 28 building zones. We
employed the Building Controls Virtual Test Bed (BTB) middleware to couple the
EnergyPlus building energy performance simulatiofiveare with the MATLAB numerical
computing environment. We found that this set-ngbdes a structured and flexible approach
to controller development and building simulatiewen for sophisticated control problems.
On the downside, debugging of the simulations becarore difficult and simulation times
were found to increase by a factor 2 to 10. Comalidle know-how and effort are currently
necessary to set up and operate the co-simulattomewly developed software layer that
helps minimizing this effort is presented.

CONTROL IN BUILDING ENERGY PERFORMANCE SIMULATION TOOLS

Improved building control is gaining increasingeation as a means to improve energy
efficiency and comfort of buildings, to handle tbemplexity of modern building systems,
and to make optimal use of modern information amdnmunication technology. The
development and testing of novel control techn@sgtan only be accomplished efficiently
with the aid of computer simulations. Moreoverndmic simulations are the only way to
study the role of control already in a buildinglaming phase. It is in this context that co-
simulation provides an attractive option to combéxsting building simulation software’s
sophisticated capabilities with the extensive etiperand software tools available from the
field of control engineering.

However, modern building energy performance tookrewdeveloped and optimized for
building energy performance simulation in the fptice. Although they can be customized
in many ways their flexibility in terms of contraeé very limited. l.e. they often support
building control only in a very rudimentary manner. by allowing for simple manipulation
of set-points or the setting of component availgbilCrawley et al. (2005) provide a
summary of simulation tool capabilities. Advanceaicol requires programming features not
available in most traditional building simulationots. Amongst others, this includes the
needs for flexible I/O and manipulation of contpalrameters, matrix algebra, and calling of



external optimization routines. One line of cutreesearch consists in developing a new
generation of building simulation tools that over&s these problems (Wetter, 2009). In this
paper we consider as an alternative the combinafidgraditional tools by means of so-called
co-simulation.

COUPLING CONTROL AND BUILDING SIMULATION

Co-simulation consists in the integration of diffet software components by run-time
coupling. Fundamentals for building simulation sashcoupling strategies and data transfer
are described in Tka et al. (2009).

Several energy performance simulation tools alrdadture interfaces to other software, e.g.
the well-known TRNSYS software offers an interfaga the so-called Trnsys Type 155 for
coupling to the MATLAB numerical computing enviroenmt and fourth-generation
programming language (MATLAB, 2011). However, thelue of such solutions is often
limited by the fact that the building simulatorsliviypically maintain full run-time control
over the course of a simulation. Efficient corlfgoldevelopment requires a different, much
more flexible approach that supports structured l@adarchical coupling of subsystems into
overall systems. Precisely this functionality i®pded by the Building Controls Virtual
Testbed (BCVTB) software developed by the Lawremmrkeley National Laboratory
(Wetter and Haves, 2008).

BCVTB is a middleware that allows coupling of varsosoftware codes for distributed
simulation. Currently, programs to be linked viae tBCVTB are EnergyPlus, MATLAB,

Modelica and Radiance. Data exchange with BACndtibg automation systems is also
possible. Here we report our experiences from u8@yTB to couple the EnergyPlus
building energy performance simulation software gigyPlus, 2011) with the MATLAB

environment in the context of a demanding caseystud

CASE STuDY

The object under investigation was a 20'00brewly-built office building in Munich (Figure
1). Our goals were (i) to assess the performangaradent-day rule-based control (RBC) in
terms of energy usage, thermal and light comfoegkpelectric power demand and (ii) to
investigate possible advanced control approachegdimg Model Predictive Control (MPC,;
e.g., Maciejowski, 2001) with the aid of simulaton

In a first step we developed an EnergyPlus modeipesing 28 coupled zones that covered
an entire floor of the office building. 24 zonesrevecontrolled from within MATLAB,

4 auxiliary zones were controlled from within EngPus using a simple two-point controller.
The RBC strategies for plant equipment plus radiailings, heating convectors, mechanical
ventilation, blinds and lighting as specified bye tbuilding planners were analyzed and
translated into MATLAB codes such that they coull imulated outside of EnergyPlus.
BCVTB was used to close the control loop betweea BMATLAB controller and the
EnergyPlus model by exchange of input and outpgmais at each simulation time step
(Figure 2).

In the case study it was decided to only have legk} control decisions outside of
EnergyPlus. Low-level control of zone equipmentcfsas massflow rates) remained in the
EnergyPlus controller domain. Temperature setpaastsvell as plant and zone equipment
availability signals were determined from within NIBAB. By means of BCVTB,

corresponding schedules related to equipment aperand internal gains, as well and



actuator manipulations were passed to EnergyPlaisleTl gives an overview of the signals
involved in the RBC of the office floor.

MATLAB to EnergyPlus| EnergyPlusto MATLAB
Controller Outputs: Temperature setpoints 101 -
Controller Outputs: Plant and equipment availapili 45 -
Controller Outputs: Blinds positions and slat asgle 62 -
Internal Gains Status: Occupancy, equipment fractio 48 -
Controller Inputs: Zone temperatures, return teuees — 53

Table 1: Overview of information flows managed by BCVTB for the rule-based control of 24
building zones.

IMPLEMENTATION

Implementation of the co-simulations required ccirfeandling of a large number of software
objects related to the exchanged signals (Tableldg the global simulation parameters
(simulation begin and end time, time step etcglithree involved software components:

BCVTB requires the specification of the global slation parameters, the co-simulation
actors, their respective in- and outputs, and tb@upling. All this data had to be provided in
an eXtensible Markup Language (XML) coded text file

EnergyPlus requires that the simulated buildingergetry and construction details, the zone
and plant equipment, the plant’s water and air $odlpe internal gain schedules, the control,
and the definition of the requested outputs areifpd in a so-called input data file (IDF).
IDFs contain records defining various types of otgeplus optional, non-standard control
functions that are written in the EnergyPlus Rumetiltanguage (Erl). IDFs are human
readable text files, but they can become very large our case the IDF without high-level
controls had 28’000 lines of code. Including thghHevel RBC controller would have added
another ca. 3'000 lines of code.

MATLAB offers a powerful programming language thstipports among other things
elementary typed variables, vectors and matricésjctsred variables (consisting of
elementary plus structured variables) and functiolmsour case, all inputs to the MATLAB
controller were provided by BCVTB at runtime ineak valued vector. Its elements had to be
mapped to corresponding MATLAB data structuresgdiarcessing by the control algorithms
that in turn returned a real valued vector to mvigled by BCVTB as an input to EnergyPlus.

Figure 3 shows the architecture of a general soéiwlaat was developed for the support of
the co-simulations. It consisted of three mainmalets:

(i) Preparation of EnergyPlus IDFs (“PrepEPIDF"his program takes EnergyPlus objects
from a model objects database as an input. Thectbjare defined in Excel files with
predefined structures. The program produces tieedyPlus simulation’s IDF as an output.

(i) Preparation of BCVTB and controller files (‘89yBCVTB”). This program retrieves the
specifications of all EnergyPlus control inputs aridall EnergyPlus outputs required by the
external controller from the above-mentioned Exdatabase. It produces two kinds of
outputs: the XML file required by BCVTB, and MATLABodes that define all objects
needed for the interaction of MATLAB with BCVTB.



(i) Running of the co-simulation and automated stpprocessing of its results
(“RunBCVTB").

All above programs were implemented as Unix/Lintrelk scripts. They were based on
standard Unix/Linux tools plus some auxiliary stgipwvolving programs that were written in
the Python and Perl programming languages.

In order to assess the performance of the co-strmolwe considered annual simulation runs
with two different building models. Each model whasst run stand-alone to obtain a

benchmark, and then it was run using BCVTB. Afhgiation experiments were done with

EnergyPlus 6.0.0 and BCVTB 1.0.0 under the Debiamxt. 5.0 operating system on a

computer with 8 Intel Xeon processors at 2.53GHmm Table 2 can be seen that for the 28
zone model the co-simulation was ca. 2.5 times alothan the stand-alone simulation,

whereas for the smaller 9-Zone model the co-sinaratas slower by a factor of 10.

28-Zone M odel 9-Zone M odel
Number of exchanged inputs 315 76
Number of exchanged outputs 261 83
Computation time stand-alone simulation 71 min A mi
Computation time co-simulation 181 min 71 min

Table 2: Comparison of BCVTB performance for annual runs of different sized EnergyPlus
models (simulation time step 10 minutes)

DiscussioN

The proposed co-simulation approach was found W@ Isaveral advantages as compared to
stand-alone simulations with EnergyPlus:

Firstly, it allows the controllers to be coded irhighly structured and modular way. This
dramatically enhances code reusability and maiahality. For instance, we used for each
given RBC rule (e.g. for heating availability or folind positioning) a separate function that
can be easily replaced without interfering with tlst of the controller.

Secondly, it allows all code related to controb#wpulled together such that it is much easier
and safer to modify. Moreover, controller parametean be conveniently summarized in
Excel spreadsheets and can be dynamically adjwdtedn-time. Quite differently, IDFs
support only static control specifications, andsthare typically spread out over several
hundred lines of code and multiple instances ofrgyfelus objects.

Thirdly, the proposed solution makes it possiblefléxibly drive the building model with
arbitrary signals in order to study the system’saiyics, or to identify simplified models for
MPC. These possibilities are far beyond the supportently provided by EnergyPlus for
parametric simulation runs.

Finally, we note that the rich programming capéabsi provided by MATLAB are not limited
to control purposes. Integration of MATLAB also ble efficient post-processing of
EnergyPlus output files.

On the downside, the proposed co-simulation approaguires additional effort to define and
implement interfaces for data exchange. Howewer general software developed (Figure 3)
was found to drastically reduce the probabiliteabrs and to shorten development cycles.



A further disadvantage is the found increase inutation time. This was partially due to
communication overhead. However, our results @abl suggest that the number of
exchanged variables could be of secondary impagtaiée suspect that the found increase in
simulation time relates to the discontinuity intnedd by the breaking up of control into
external high-level control and EnergyPlus interloay-level control. This could cause an
increase in the average number of iterations Efdugyhas to perform internally within each
simulation time step in order for its simulatiosués to converge.

Finally, debugging of the co-simulations proved wety easy, since BCVTB in its default
configuration can only listen to ports i.e. tranded values. Adding of breakpoints into the
MATLAB code is not possible since it terminates thetire simulation run. Advanced
features are available only after recompilatioraafiven BCVTB actor, which is however
only possible for open source software. Thereftuwee MATLAB debugger cannot be used
during co-simulation. This problem can at preseny ®e alleviated by writing of extensive
output files.

CONCLUDING REMARKS

The application of advanced control approache$éobuilt environment makes it necessary
that highly sophisticated building and plant modsish as EnergyPlus can be integrated in
controller development. This can be well achievsdthe proposed tools suite, when

enhanced by an additional software layer to supgperto-simulations.

This case study presented a joint effort of buddiand control engineers. From an
organizational point of view we can conclude thatsanulation can much facilitate multi-
disciplinary collaboration and presents a powethdl to efficiently integrate dispersed
knowledge and expertise.
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Figure 3: Data flow in the proposed software solution for co-simulation support
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